Long-lasting dust rings in gas-rich disks: sculpting by single and
  multiple planets by Meru, Farzana et al.
Draft version August 9, 2018
Preprint typeset using LATEX style emulateapj v. 08/22/09
LONG-LASTING DUST RINGS IN GAS-RICH DISKS: SCULPTING BY SINGLE AND MULTIPLE PLANETS
Farzana Meru1,2, Sascha P. Quanz1, Maddalena Reggiani1, Cle´ment Baruteau3, and Jaime E. Pineda1
1Institut fu¨r Astronomie, ETH Zu¨rich, Wolfgang-Pauli-Strasse 27, 8093 Zu¨rich, Switzerland
2Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge, CB3 0HA, United Kingdom and
3 Institut de Recherche en Astrophysique et Plane´tologie, CNRS / Universite´ de Toulouse / UPS-OMP, 14 avenue Edouard Belin, 31400
Toulouse, France
Draft version August 9, 2018
ABSTRACT
We propose a mechanism by which dust rings in protoplanetary disks can form and be long-lasting
compared to gas rings. This involves the existence of a pressure maximum which traps dust either in
between two gap-opening planets or at the outermost gap edge of a single or multiple planet system,
combined with the decoupling of large dust particles from the gas. We perform 2D gas hydrodynamical
simulations of disks with one and two giant planets which may open deep or partial gaps. A gas ring
forms in between two planets such that the surface mass density is higher than on either side of it.
This ring is a region of pressure maximum where we expect large grains, which are marginally coupled
to the gas and would otherwise be subject to radial drift, to collect. Such a pressure maximum also
occurs at the outermost gap edge in a disk with one or more planets. We infer the dust evolution
in these regions as the gas disk evolves, to understand the longer term behavior of the resulting dust
rings. Over time the gas surface density in the ring(s) decreases, which may cause the larger trapped
particles to decouple. Consequently, these particles are expected to stay in ring structure(s) longer
than the gas. For a Minimum Mass Solar Nebula model, we expect that millimeter and centimeter-
sized grains in the outer O(10) au would most likely undergo this trapping and decoupling process.
Subject headings:
1. INTRODUCTION
Recent advances in observing facilities and techniques
have provided evidence via spatially-resolved observa-
tions that a large variety of structures exist in proto-
planetary disks including spirals (e.g. Boccaletti et al.
2013; Avenhaus et al. 2014a), azimuthal asymmetries
(e.g. Isella et al. 2013; van der Marel et al. 2013; Pe´rez
et al. 2014), eccentric inner holes (Thalmann et al. 2014)
and ring-like structures. These structures may be sign-
posts of one or more nascent or developed planets inter-
acting with their parent disk. Ring-like structures have
been observed in HD169142 and HD100546 but at differ-
ent wavelengths: HD169142 shows a bright ring in scat-
tered light data (Quanz et al. 2013a) and some evidence
of a ring-like feature at 7mm wavelengths (Osorio et al.
2014), while HD100546 appears to be continuous in the
scattered light (Avenhaus et al. 2014b) but has a ring-
like structure in the millimeter dust emission (Pineda
et al. 2014; Walsh et al. 2014). Interestingly both of these
disks may even host multiple planets (see Reggiani et al.
2014; Biller et al. 2014; Osorio et al. 2014 for HD169142
and Brittain et al. 2013, 2014; Quanz et al. 2013b; Cur-
rie et al. 2014; Quanz et al submitted for HD100546)
and the ring structures appear to be located in between
the two planets. Furthermore, Walsh et al. (2014) also
showed an additional ring structure exterior to the out-
ermost planet. The very recent release of the HL Tau1
image using ALMA configured almost in its end state
has shown that such ring structures can occur even in
the very young disk phase.
These are currently the best examples of ring-like
Electronic address: farzana.meru@ast.cam.ac.uk
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structures in gas-rich disks. Upcoming facilities provid-
ing high-resolution and high-sensitivity observations, e.g.
ALMA, SPHERE and SKA, may detect more ring-like
structures in the future.
How might such ring structures form? One mechanism,
as suggested through observations, may be the presence
of multiple planets. Bryden et al. (2000) performed nu-
merical simulations of two planets embedded in a disk
and found that a ring of gas forms in between them.
Eventually (after & O(100) orbits) the ring disappeared
as the planets grew in mass.
Multiple planet simulations in gas-rich protoplanetary
disks have often been performed in the context of un-
derstanding planet migration and the capture of planets
into mean motion resonances. More recently a number
of studies have focussed on the formation of common
gaps with a view to describe the presence of large inner
holes in transition disks (e.g. Pierens and Nelson 2008;
Zhu et al. 2011; Dodson-Robinson and Salyk 2011; Isella
et al. 2013) or have considered multiple planets to po-
tentially explain azimuthally asymmetric disk structures
(e.g. Isella et al. 2013; Pinilla et al. 2014). With regards
to the former it must be noted that if two planets are
maintained sufficiently far apart they may not form a
common gap.
Motivated by recently observed ring-like features we
perform hydrodynamical simulations to explore the per-
sistence of gas rings in protoplanetary disks that har-
bor both single and multiple planets. To link the gas
hydrodynamical simulations with the observations, the
connection between the gas and dust needs to be made.
We use analytics to infer how the dust in the disk would
be affected by the gas ring(s), and in particular, what
this means for the longer term dust disk structure, and
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hence observations. In Section 2 we outline our method
and simulations performed, and illustrate our results in
Section 3. We then discuss the results and conclude in
Sections 4 and 5, respectively.
2. METHOD & SIMULATIONS
We carry out 2D hydrodynamical simulations using the
grid-based code fargo (Masset 2000). We model the
disk using an isothermal equation of state, i.e. the disk
temperature profile does not change over time, so that
the results are scale-free. While the results are general
such that they can be applied to many disk properties,
we also discuss the results specifically in the context of
a Minimum Mass Solar Nebula (MMSN) disk model in
Section 3.2. Table 1 gives the disk parameters in code
units and the conversion to a MMSN model. The code
unit for the mass is given by 1M while that for the
length and time is given by the radial location and orbital
timescale of the planet (or the innermost planet in the
multiple planet case), respectively.
Using the same disk setup throughout, we simulate
the disk evolution under the presence of a single and
two planets. We perform two simulations with planet
to star mass ratios, q = 1× 10−3 and 2× 10−4, that are
expected to open deep and partial gaps, respectively. We
perform two further simulations: firstly including two
planets with q = 1 × 10−3 and secondly including two
planets with q = 2× 10−4 (see Table 2).
In both the single and multiplanet simulations the
planets’ masses are increased linearly from zero to the
above-mentioned masses over the first orbit (at R = 1
in code units) of the simulation. We also confirm that
the results do not change if the mass is increased over
10 orbits. For simplicity the planets’ orbits are fixed,
though we also perform test simulations with migrating
planets and find the qualitative results to be unchanged
(see Section 4.1).
In the multiplanet case the planets are held at R = 1
and 2, i.e. far enough apart such that their gaps are not
expected to overlap. The gap half-width in the gas is ≈
2.5RH (Masset et al. 2006) where RH = Rp(q/3)
1/3 is the
Hill radius and Rp is the planet’s radial location. Thus
the planets’ gaps will not overlap if (Rp,in + 2.5RH,in) <
(Rp,out − 2.5RH,out) where the subscripts ’in’ and ’out’
refer to the inner and outer planets, respectively. Equiva-
lently, the gaps will not overlap if the planet period ratio
satisfies
Pout
Pin
&
(
1 + 2.5(qout/3)
(1/3)
1− 2.5(qin/3)(1/3)
)3/2
, (1)
where the equality is ≈ 1.7 and ≈ 1.4 for two planets
with q = 1 × 10−3 and q = 2 × 10−4, respectively. The
period ratio of these planets is ≈ 2.8 which is within the
observed range of ratios in multiplanet systems.
We model the disk using 277 and 800 radial and az-
imuthal cells, respectively, and ensure that the concep-
tual arguments presented in this paper still hold with
twice the resolution in each direction. With the grid res-
olution used the Hill radii of the planets with q = 1×10−3
are resolved in the radial direction using 5 and 11 grid
cells for the inner and outer planets, respectively, while
that of the planets with q = 2×10−4 are resolved using 3
and 6 grid cells, respectively. In the azimuthal direction
the planets’ Hill radii are modelled using 9 and 5 cells
for the q = 1 × 10−3 and q = 2 × 10−4 planets, respec-
tively. The simulations are evolved using open boundary
conditions.
The simulations performed are gas hydrodynamic sim-
ulations only. To provide the link with the longer-term
dust behavior in the disk we determine how well coupled
the particles are to the gas and whether they are likely
to be subject to radial drift, by calculating the Stokes
numbers of particles of various sizes. This is given by
(Garaud et al. 2013)
St = tsΩ =
√
2pisρs
Σ
, (2)
where ts is the stopping timescale due to gas drag, s is
the particle size and ρs is the solid density assumed to
be 1gcm−3 for SiO2 particles. We then infer their likely
behavior as the gas disk evolves over time. While this
expression for the Stokes number is for particles in the
Epstein regime (i.e. for particle sizes . (9/4)λmfp where
λmfp is the mean free path of the gas molecules, and
for which collision velocities are subsonic), the mecha-
nism proposed is general and would still be valid if the
particles are in the Stokes regime (i.e. for particle sizes
& (9/4)λmfp).
3. RESULTS
3.1. Hydrodynamical results
Figures 1 and 2 (left and middle columns) show two
snapshots of the surface mass density rendered images
of the disks after the planets are introduced in the mul-
tiplanet (Figure 1) and single planet (Figure 2) simula-
tions. The planet(s) cause either full or partial gaps to
form in the high and low planet mass cases, respectively.
3.1.1. Multiplanet simulations
Figure 1 (left and middle columns) shows that at an
earlier time a ring of gas collects in between the two
planets such that its density is higher than in the co-
orbital region of the planets for both planet masses that
we consider. The surface density of the gas ring then de-
creases due to viscous evolution, irrespective of whether
the planets have opened deep or partial gaps (see also
solid lines in Figure 1 right column).
Figure 1 also shows a gas surface density peak at the
outermost gap edge which decreases in time, although
this decrease is somewhat less significant than that in
between the two planets.
3.1.2. Single planet simulations
Figure 2 (left and middle columns) shows that at an
earlier time the gas surface density at the outer gap
edge peaks but then decreases over time, for both planet
masses considered. Its behavior is similar to the out-
ermost gap edge in the multiplanet case since the sur-
face density decrease between the two times considered
is somewhat less than that in the region in between two
planets.
3.2. Effects on the dust in the disk
The surface density decrease observed in the gas sim-
ulations plays an important role in the dust dynamics.
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Parameter fargo code units Application to MMSN disk
Stellar mass, M? 1 1M
Inner radius, Rmin 0.4 6 au
Outer radius, Rmax 4 60 au
Initial gas surface density, Σo(R) 3.7× 10−6R−3/2 1700(R/1au)−3/2 g cm−2
Temperature, T 2.5× 10−3R−1 42(R/15au)−1 K
Aspect ratio, H/R 0.05 (constant) 0.05 (constant)
Viscosity parameter α = 4 × 10−3R−0.5 α = 4 × 10−3(R/15au)−0.5
Table 1
Disk properties in code units and applying this to the MMSN disk.
Simulation Type of Planet mass(es) Planet mass(es) Planet radial location(s) Planet radial location(s) Planet
simulation [code units] [applied to MMSN disk] [code units] [applied to MMSN disk] period ratio
1 Single planet 1× 10−3M? 1MJup Rp = 1 Rp = 15 au –
2 Single planet 2× 10−4M? 0.2MJup Rp = 1 Rp = 15 au –
3 Multiplanet 1× 10−3M? 1MJup Rp,in = 1, Rp,out = 2 Rp,in = 15 au, Rp,out = 30 au 2.8
4 Multiplanet 2× 10−4M? 0.2MJup Rp,in = 1, Rp,out = 2 Rp,in = 15 au, Rp,out = 30 au 2.8
Table 2
Planet properties in the simulations performed, both in code units and applying this to a MMSN disk. The subscripts ’in’ and ’out’ refer
to the inner and outer planets, respectively.
Figure 1. Surface mass density rendered images of the gas disks and the azimuthally averaged surface mass density and pressure profiles
of the disk with two 1MJup (top row) and two 0.2MJup (bottom row) planets. The images and profiles are at an early time (t = 500 orbits)
and later time (t = 5,000 and 50,000 orbits for the 1MJup and 0.2MJup simulations, respectively). Left column: At an earlier time a ring
of material collects in between the two planets irrespective of whether the planets have opened deep (top panel) or partial (bottom panel)
gaps. The surface mass density at the outermost gap edge is also high. Middle column: At a later time the surface density in between
the two planets and at the outermost gap edge decreases. Right column: The surface mass density (solid lines) and pressure (dotted lines)
decrease between the earlier (black lines) and late times (red lines). A pressure maximum exists in between the two planets and at the
outermost gap edge, where particles can be trapped and reside. The decrease in the gas surface mass density causes an increase in the
Stokes numbers of the particles and causes them to start decoupling from the gas.
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Figure 2. Surface mass density rendered images of the gas disks and the azimuthally averaged surface mass density and pressure profiles
of the disk with a 1MJup (top row) and 0.2MJup (bottom row) planet. The images and profiles are at an early time (t = 500 orbits) and
later time (t = 5,000 and 50,000 orbits for the 1MJup and 0.2MJup simulations, respectively). Left column: At an earlier time the surface
mass density at the outer edge of the gap is high. Middle column: At a later time the surface density at the outer gap edge decreases.
Right column: The surface mass density (solid lines) and pressure (dotted lines) decrease between the earlier (black lines) and late times
(red lines). A pressure maximum exists at the outer gap edge where particles can be trapped and reside. The decrease in the gas surface
mass density causes an increase in the Stokes numbers of the particles and causes them to start decoupling from the gas.
Figure 3. Stokes number of particles of various sizes (diagonal bands) in disks without planets with Σ(R) = 1700(R/1AU)−pg/cm2.
The blue horizontal region highlights the particles that are marginally coupled to the gas (St = 0.1 − 10). Left panel: a MMSN disk (i.e.
p = 1.5) divided up into various radial ranges. In this example, the millimeter to decimeter-sized particles are marginally coupled to the
gas in the outer disk and are the ones that will benefit most from being trapped in the pressure maxima. Right panel: disks with the
same normalization as the MMSN but with different surface mass density slopes. The micron-sized particles are always coupled to the gas
for disks of various surface densities. For them to be marginally coupled the surface density would need to decrease by many orders of
magnitude.
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Figures 1 and 2 (right columns) show the azimuthally
averaged surface density and pressure profiles of the gas
disks at two different times. The region in between the
two planets as well as the outermost edges of the gaps
in all the simulations are regions of pressure maximum
where dust particles, that would ordinarily flow rapidly
inwards due to radial drift, can collect. Such particles
are known to be marginally coupled to the gas and are
those that require some kind of trapping mechanism to
stop them from being lost radially. It is well known that
the outer gap edge can provide such a particle trapping
location. However we show that the region in between
two planets can also provide the environment for particle
trapping to occur.
3.2.1. Multiplanet case
Figure 1 (right panel) shows that the gas surface den-
sity in between the two planets drops by almost an order
of magnitude, and we expect it to continue decreasing
with time until the gas disk has cleared away. When
this drop occurs, what happens to the particles that were
originally trapped in the gas ring between the two plan-
ets? These marginally coupled particles will begin to
decouple from the gas. Consequently they will eventu-
ally be unaffected by the gas and will continue on their
own Keplerian orbits, and thus remain in a ring struc-
ture. Figure 1 (right panel) also shows that the surface
density at the outermost gap edge decreases with time.
Thus, as with the region in between the two planets, the
particles trapped at this location are expected to decou-
ple, though perhaps not as easily as in the former. Note
that the smaller particles that are still coupled to the gas
will follow the gas flow and so are not expected to remain
in the same location.
3.2.2. Single planet case
Analogous to the outermost gap edge in the multi-
planet case, the gas surface density at the location of the
pressure maximum decreases with time, although some-
what less than in the region in between two planets. Thus
the trapping and decoupling mechanism is also expected
to operate here, potentially leading to a long-lasting dust
ring in the outer disk.
3.2.3. Application to the MMSN model
We illustrate this further using a MMSN disk model.
Figure 3 (left panel) shows the Stokes numbers of parti-
cles of different sizes at various disk locations. In such a
planet-free disk model the micron-sized particles are cou-
pled to the gas (St 1) irrespective of radial location. In
fact, for any realistic gas-rich disk the micron-sized par-
ticles will always be coupled to the gas and will therefore
follow the gas flow (see also the fact that St  1 for
disk models with different surface mass density slopes,
p, in Figure 3, right panel). However, millimeter and
centimeter-sized particles are only marginally coupled to
the gas in the outer disk and are therefore most subject to
radial drift. The locations of the pressure maxima iden-
tified above will trap these particles. Once the gas sur-
face mass density at these locations decreases, the Stokes
numbers of these particles will increase (since St ∝ 1/Σ),
and thus many will start to decouple. We expect the
millimeter- and centimeter-sized particles that had orig-
inally been marginally coupled but trapped, to decou-
ple over time and retain their ring structure(s). Conse-
quently, we expect that a dust ring in the larger particles
may well be a signature of this process.
4. DISCUSSION
We propose a mechanism by which dust rings can form
and last longer than gas rings. This requires at least one
body to be present in the gas-rich disk that is massive
enough to at least open a partial gap. Figure 4 summa-
rizes the mechanism for both the single and multiplanet
cases. This process of dust collection of marginally cou-
pled particles in the pressure maximum followed by de-
coupling due to a decreased gas surface density to form a
ring of dust particles is in fact scale-free and is expected
to occur for different particle sizes at various radii in
different disks. While the specifics of which sizes are af-
fected at each radii in various disk models can change, the
principle mechanism is expected to operate in all disks
with giant planet(s). This may carry a stronger signature
if the trapping occurs in between two planets. Which
sized particles are most subject to radial drift depends
on the disk model used. For any disk model there is al-
ways some particle size for which this mechanism will op-
erate. Furthermore this general mechanism can operate
with planet(s) at various radial locations provided they
are massive enough to perturb the disk structure and re-
sult in a pressure maximum. In the case of a MMSN disk
around a solar mass star, the millimeter and centimeter-
sized particles in the outer disk may be affected by this
mechanism since they would be most subject to radial
drift if a pressure maximum was not present.
As the gas disk’s surface density decreases over time,
the marginally coupled particles that were trapped and
then decoupled will continue to become even less affected
by the gas. We expect the natural viscous evolution to
aid the process of causing the rings to be long-lasting. We
also note that the pressure gradient in the disks varies in
different locations. At the outermost gap edge the gra-
dient is steep on one side of the maximum and shallow
on the other, while in between the two planets the gra-
dient is steep on both sides of the maximum especially
with higher mass planets (Figures 1 and 2, right pan-
els). Therefore we expect the morphology of the rings
in between the two planets to be different to that at the
outer gap edge: in the former the rings are likely to be
sharper and more confined whereas in the latter the ring
may well be more extended.
The idea of a pressure maximum at an outer gap edge
formed by a planet, acting to concentrate particles into
it, has been considered before (e.g. Bryden et al. 2000;
Haghighipour and Boss 2003; Paardekooper and Mellema
2004, 2006; Maddison et al. 2007; Fouchet et al. 2007,
2010; Ayliffe et al. 2012; Pinilla et al. 2012a; Zhu et al.
2012). In addition disk processes associated with this e.g.
particle trapping, dust filtration, excitation of Rossby
Wave Instabilities, etc, may well still operate. However
the long-lasting nature of dust rings may be an alterna-
tive route if such rings are not disrupted by other disk
processes. In addition, further studies involving both gas
and dust hydrodynamics are needed to establish if the
ring in between two planets is disrupted by long-term
disk processes.
In the single planet case it is thought that the gap edge
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Figure 4. Schematic diagram showing the stages of the proposed mechanism. Left: A single planet (top panel) or multiple planets
(bottom panel) open deep or partial gaps. In the case of multiple planets a ring of gas forms in between the two planets. Middle: The
ring in between the two planets and the outermost gap edge are regions of pressure maxima where dust particles that would otherwise be
subject to radial drift can be trapped. Smaller grains may be trapped if the pressure maximum is strong. Right: Decrease in gas density
in the disk may cause larger trapped particles to decouple and remain in the ring structures both at the outer gap edge, and in the case of
multiple planets, in the ring in between the two planets.
may provide an ideal location for further planet growth
(e.g. Bryden et al. 2000). By extension this would also
apply to the outermost gap edge in the multiplanet sce-
nario. With regards to the longer-term dynamics and
growth of particles in the ring in between two planets, as
the gas surface density decreases over time, the increased
dust-to-gas ratio may result in enhanced growth or the
triggering of the streaming instability. Since the (domi-
nant) radial drift velocity would be very small compared
to that in the equivalent unperturbed disk, the overall
collision velocity is expected to be small since the parti-
cles are likely to be travelling at similar speeds (unless
turbulence plays a major role in increasing the collision
velocities). Therefore the collisions would be less destruc-
tive (especially if small and large particles collide since
such a scenario favors growth; Teiser and Wurm 2009;
Wurm et al. 2005; Meru et al. 2013). Thus this region
provides a good location for a third planet to form. De-
pending on the ring size it is possible that such a planet
will be lower in mass – it is interesting to note that sys-
tems do exist where a low mass planet is sandwiched in
between two higher mass planets, e.g. Kepler 20 (Gautier
et al. 2012). While this is an example of planets up to
≈ Neptune mass, such planets in the very inner parts of
disks may open (partial) gaps due to low disk aspect ra-
tios (Baruteau and Papaloizou 2013) provided they have
enough time to do so (Malik et al. submitted). Further-
more, if the ring was located at large orbital distances
where icy aggregates can grow more easily dust growth
would be even more likely (Okuzumi et al. 2012). If the
first two planets were in mean motion resonance then the
stability of such a system whereby a third planet forms
in between would need to be considered. Conversely,
if collisions within the ring were destructive this would
generate smaller dust grains which may then be removed
with the gas flow. The specifics of whether growth or
fragmentation dominates will depend on the specific disk
and planet properties.
Previous studies of interactions between a single planet
and a disk have shown gaps are easier to open in a
large-sized dust population compared to the gas or small
dust population (Paardekooper and Mellema 2004, 2006;
Maddison et al. 2007; Fouchet et al. 2007, 2010; Zhu
et al. 2012). Paardekooper and Mellema (2006) showed
that even a Neptune mass planet could open up a gap in
millimeter-sized grains. Fouchet et al. (2007) and Mad-
dison et al. (2007) also showed this to be true for meter-
sized objects. According to the gap-opening criteria of
Lin and Papaloizou (1993) and Crida et al. (2006), these
are not expected to open up a gap in the gas for the disk
conditions they adopted. Therefore only a small distur-
bance in the gas surface density can have a significant
impact on the large dust grains. Consequently, collect-
ing large dust particles even when only partial gaps are
opened, as we suggest here, may be possible (though we
note that the flow of gas and dust through the partial
gaps and the region in between two planets needs to be
considered in more detail via numerical simulations con-
sidering both gas and dust).
Multiplanet-disk interactions have been considered in
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previous studies though often in the context of forming
common gaps. Other studies do show evidence of a gas
ring in between two planets during the common gap for-
mation stage (see Figure 2 of Kley 2000, Figure 8 of
Pierens and Nelson 2008, Figure 3 of Dodson-Robinson
and Salyk 2011). Despite our planets being kept suf-
ficiently far apart such that they are not expected to
open a common gap, it is possible that after a long time
our simulations may eventually end up with a highly di-
minished ring or a somewhat common gap as the disk
mass decreases, or if the planet’s mass was allowed to in-
crease. If the pressure maximum that forms in between
the two planets as they open a common gap survives for
long enough such that the particles most subject to ra-
dial drift can flow rapidly and become trapped (i.e. if
tring > tdrift) then particle trapping in the ring plus de-
coupling may still potentially operate between the two
planets even when a common gap is forming. We note
that Bryden et al. (2000) also performed gas hydrody-
namic simulations of two planets held at fixed circular
orbits and also found the presence of a ring in between
the planets. While they considered accretion onto the
planets and thus the gap widths and hence ring proper-
ties changed with time, our gas hydrodynamics simula-
tions are in qualitative agreement in that they also found
that gas is lost from the ring over time. While they con-
cluded that the gas rings in between the two planets are
cleared in less than the lifetime of the disk the mecha-
nism that we present simply requires particles to collect
in the ring before its gas surface density decreases. As
shown later by equation 8, this is of the order of tens
of orbits for particles that are marginally coupled to the
gas, whereas Bryden et al. (2000) show the ring’s mass
decreases by 50% in O(100) orbits (see their Table 2 but
note that their timescales are mostly in units of the outer
planet whereas ours are of the inner planet).
At the time of writing this paper, an independent study
was performed by Pinilla et al. (2014) focussing on the
interactions between two planets and the parent disk.
By initially performing gas hydrodynamic simulations of
two planets in a disk, they take the static gas disk con-
ditions and perform dust coagulation and fragmentation
simulations. They find that for particular values of the
disk turbulence (broadly similar to the values chosen in
our study) particles can collect in between the planets
as well as at the outermost gap edge, in agreement with
our findings. Our results stress the importance of con-
sidering the longer-term disk evolution on the dust dy-
namics. Both studies have different shortfalls: while our
study does not model the coagulation and fragmentation
of dust aggregates which is shown to be important in
the study by these authors, Pinilla et al. (2014) do not
model the time evolution of the background disk, which
we show to be of importance in the long-term. These
studies together show the significance of multiplanet-disk
interactions but further work is needed to understand the
longer term gas and dust dynamics while also considering
growth processes.
It is also worth noting that it is possible for rings to
form without the presence of planets by other mecha-
nisms (see Klahr and Lin 2005; Lyra and Kuchner 2013).
However, these mechanisms require an optically thin
disk. If rings form in young protoplanetary disks (as
suggested via the observations described in Section 4.2)
a mechanism to form them in the optically thick disk is
required.
Finally, while the focus of this work has been in the
context of protoplanetary disks, the mechanism is gen-
eral enough to have a wide applicability in various astro-
physical disk contexts where dust and gas is present and
there are two large bodies in the system e.g. AGN disks.
4.1. Further considerations
There are some aspects to consider to ensure this
mechanism is robust:
1) Dust excitation It is possible that the planet(s) cause
dust to be excited so that they do not remain in the ring
structures. Hsieh and Gu (2012) estimated the timescale
associated with the secular evolution of a massless parti-
cle that is perturbed by a companion as (their equation
13):
tf =
4
q
r
Rp
 1
b
(2)
3/2 (α)
 1
Ωk
(3)
where α = min(r,Rp)/max(r,Rp) (equation 9 of
Tremaine 1998), r is the location of the dust particle
and b
(2)
3/2 (α) is the Laplace coefficient given by
b(m)s (α) =
2
pi
∫ pi
0
cos(mφ)dφ
(1− 2αcosφ+ α2)s . (4)
The particles will be damped on the stopping timescale.
If the ratio of the stopping timescale to the timescale
associated with the secular evolution of the dust ts/tf 
1 then the particles will be damped easily and the ring
would not be destroyed due to the planet’s interaction.
On the other hand it would be if ts/tf  1. We find that
ts/tf = St
(q
4
)(Rp
r
)
b
(2)
3/2(α). (5)
In our simulations Rp/r is of order unity: for the
region in between the two planets, the planets are at
Rp = 1 and Rp = 2 while the dust ring is located in
between, and for the region at the outermost gap edge
the pressure maximum is located relatively close to
the planet forming it. b
(2)
3/2 is between O(1) − O(10) at
the location of the pressure maximum both in between
the two planets and in the outer disk. Since we are
interested in trapping particles that would otherwise
be subject to radial drift, these particles have St ≈ 1.
Therefore for planetary mass objects ts/tf  1 so the
particles are not expected to be significantly excited. It
is worth noting that ts ≈ tf when particles are located
very close to the planet (i.e. when α −→ 1). However,
we do not expect this to be the case since the gap
edges are not located extremely close to the planet (see
Figures 1 and 2, right panels).
2) Migration Our simulations involve planets held on
fixed circular orbits while in reality planets will migrate.
Such fixed orbit simulations are more controlled and for
the multiplanet case are in qualitative agreement with
those in which planets migrate before their gaps overlap
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(if they ever do). We repeat the multiplanet simulations
allowing the planets to migrate. This qualitatively
shows the same features i.e. the development of the
gas ring in between the two planets as well as the
pressure maxima between the two planets and exterior
to the outermost gap, followed by the depletion of mass
within these regions over time. In particular we also
note using equation 1 that two 1MJup planets that
are locked in a 2:1 mean motion resonance (the first
first-order resonance that planets may end up in if
convergent migration is not very fast; see Baruteau et al.
2013) may migrate with a gas/dust ring in between them.
3) Planet and disk parameters We expect that the in-
tensity, extent and lifetime of the gas/dust rings will vary
with planet mass, location, disk viscosity, disk mass and
surface density profile. However, for this mechanism to
operate we require the pressure maxima to form on a
short enough timescale (shorter than the drift timescale)
so that the particles that are most subject to radial drift
can be collected easily and constrained. The radial drift
timescale of these particles, normalized by the orbital
timescale at R = 1, can be approximated as
tdrift
torb
≈ R
umaxtorb
, (6)
for particles that are marginally coupled to the gas,
where umax =
1
2ρΩ
∣∣dP
dr
∣∣ is the radial drift velocity of
the marginally coupled particles with St ≈ 1 (Weiden-
schilling 1977). Using the surface density and tempera-
ture structure of the disk as outlined in Table 1 we find
that
dP
dr
= −7c
2
sρ
2R
. (7)
Combining equations 6 and 7 with the expression H =
cs/Ω, equation 6 becomes
tdrift
torb
≈ 4
7pi
(
R
H
)2
, (8)
which for our disks is ≈ 36 orbits. We find that the
pressure maximum starts to form in less time than this,
moreso for the high mass planet simulations where a deep
gap opens.
As the gas surface density diminishes in time, if the
pressure maxima are maintained or become stronger
then the marginally coupled particles will continue
to be trapped and then decouple as described in this
mechanism. In addition this may then allow enough
time for further growth to occur in the ring(s). However,
if the pressure maxima weaken this may allow some
particles – especially those that are marginally coupled
at that time (which may be a different size to those that
were marginally coupled and trapped when the ring(s)
first formed) – to leak out of this region, especially if the
weakened pressure maxima lasts for a long time. How-
ever, the strength of the pressure maxima and how well
they are sustained in the longer term will depend on the
planet and disk parameters adopted. Furthermore, par-
ticle diffusion will also affect how much material remains
in the ring structure(s) and its impact needs to be tested.
4) Planet growth In the multiplanet case, as the plan-
ets grow in mass they will form wider gaps. It may be
possible that in such a scenario the common gap phase
is more likely. However, provided the region in between
the planets forms on a short enough timescale such that
it can trap particles quickly we expect the formation of
the common gap will help to decouple the particles in
this region quickly.
4.2. Observational implications
4.2.1. Multiplanet case
The proposed mechanism has clear observational pre-
dictions, which can be tested with current and/or future
observing facilities. It is known that larger particles are
impacted by a pressure gradient more than the smaller
particles and are thus held further away from the gas gap
edge (e.g. Maddison et al. 2007; Fouchet et al. 2007, 2010;
Zhu et al. 2012). The gas ring in between two planets
results in steep pressure gradients on both sides (moreso
for the higher mass planets) and thus the large particles
are held further away from the gas gap edge on both sides
of the ring. This results in a ring of larger particles be-
ing narrower than the ring made up of smaller particles.
For spatially resolved observations this implies that sub-
millimeter, millimeter and centimeter continuum obser-
vations should reveal a narrower ring with decreasing ob-
serving frequency. Scattered light observations at optical
and near-infrared wavelengths, which probe mostly mi-
cron and sub-micron sized grains, should display a more
extended ring. However, one has to keep in mind though
that these short wavelength data probe the disk surface
layer and not the disk mid-plane (though note that Zhu
et al. 2014 showed that dust concentrations due to gap-
opening planets are very similar in 2D and 3D simula-
tions).
Furthermore, the center of the ring in between two
planets may not necessarily be in the middle-point be-
tween them. This is because the pressure profile in the
ring will not be symmetric even if both planets have the
same mass, as in our simulations: since P ∝ ΣT , and
even if the surface mass density is symmetrical about
the ring’s center, superimposing a temperature profile
of T ∝ R−1 on top of it gives an asymmetric pressure
distribution.
In addition to the general morphology of the disk struc-
ture, the specific dust grain properties within the ring
between the two planets are of particular interest from
a grain growth and planet formation perspective. Deter-
mining the spectral index (β), where Fν ∝ νβ and Fν
is the flux at a particular frequency, ν, of the spatially
resolved dust continuum emission from (sub-)millimeter
to centimeter wavelengths, can put constraints on the
typical dust grain sizes within the ring. In addition, by
comparing the emission in the ring to that in the outer
disk we can study the spatial variation of β to determine
variations in the particle size distribution, and therefore
establish where in the disk grain growth is more efficient
in the multiplanet case. Comparing the gas-to-dust ra-
tio in the ring to the outer disk regions is also interesting
because this will (1) affect the particle growth timescale,
and (2) provide estimates on the ’age’ of the ring struc-
ture. The latter can be done by constraining the gas
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depletion rate in the ring due to the planets through nu-
merical simulations involving gas and dust, and compar-
ing the current dust-to-gas ratio value in the ring with
the primordial one (in the outer disk).
At the outermost gap edge the pressure profile is steep
on one side of the maximum and shallow on the other
(Figure 1, right column) compared to the region in be-
tween two planets. Therefore any dust rings in the former
are likely to be more extended than in the latter.
All these observations require a high-spatial resolution
that allows us to sufficiently resolve the individual disk
regions. Current (sub-)mm facilities (SMA, CARMA,
PdBI) can provide angular resolutions of at best ≈0.2′′,
while ALMA Cycle 2 and Jansky VLA (at 15 GHz) pro-
vide 0.13′′ in their most extended configurations. How-
ever, ALMA’s full capabilities and SKA1 (at 16 GHz)
will provide angular resolutions of 0.04′′, which trans-
lates into structures of 6 au in size at the distance of the
nearest star-forming regions (∼ 150 pc). This resolution
is comparable to that of SPHERE/ZIMPOL, the optical
imaging polarimeter for the VLT (Schmid et al. 2010),
which will trace the disk surface layer in scattered light.
All these facilities are in the southern hemisphere mak-
ing a multi-wavelength comparison of the same sources
possible.
HD100546 and HD169142 may be ideal testbeds to de-
termine whether the proposed mechanism works. For
HD100546, where the dust ring in between the two proto-
planetary candidates appears to extend from ≈ 14−60 au
(Pineda et al. 2014; Walsh et al. 2014), ALMA Cycle 2
already provides a high enough spatial resolution (0.12′′
at 345 and 460 GHz) to test whether the apparent width
of the ring changes as a function of observing wavelength.
These observations would simultaneously probe the dust
(continuum) and gas (CO line), and therefore such data
would allow us to put constraints on the gas content and
dust grain properties within the ring compared to the
outer disk (e.g. gas and dust mass, as well as dust sizes
and compositions via the spectral index). Furthermore,
while direct images strongly support the existence of an
outer planet (Quanz et al. 2013b; Currie et al. 2014;
Quanz et al submitted), the inner planet has thus far
only been inferred indirectly (e.g., Brittain et al. 2013,
2014). New high-contrast imaging instruments such as
SPHERE at the VLT (Beuzit et al. 2006) or GPI at Gem-
ini Observatory (Macintosh et al. 2006) may provide suf-
ficient contrast between 0.1′′-0.15′′ to directly detect the
object and provide better constraints on the planet prop-
erties which will then inform models of the observed ring
structures.
The ring in HD169142 is neither resolved in scattered
light observations with a resolution of ∼0.1′′ (Quanz
et al. 2013a), nor in the 7-mm EVLA observation by
Osorio et al. (2014). It will therefore be challenging to
determine the ring width as a function of wavelength in
the (sub)-mm regime. However, further characterization
of the inner protoplanet candidate (Reggiani et al. 2014;
Biller et al. 2014) through emission-lines (e.g., Hα) and
multi-color photometry will help separate the flux com-
ing from the central object and a possible circumplane-
tary disk, and may ultimately shed light on the ring prop-
erties. Furthermore, ALMA could test whether the ap-
parent clumpiness of the ring emission seen in the EVLA
data is real and also if the suspected emission source in
the disk gap at ≈ 50 au can be confirmed. The former
point would hint towards ongoing grain processing within
the dust ring and the latter point would support the exis-
tence of an outer companion. Finally, as with HD100546,
SPHERE and GPI may constrain the properties of the
planet detected in the inner cavity of HD169142, and
hence inform us about the ring properties.
4.2.2. Single planet case
To date, rings have only been detected in disks which
are thought to harbor multiple planets (aside from HL
Tau whose planet nature is currently not known). How-
ever, spatially resolved images of disks is still a new and
developing area. If rings in disks with single planets were
to exist, the morphology is expected to be similar to those
in the outer part of a disk that harbors multiple planets.
Observed disks with structure, which so far have not had
any planets detected, have shown varying gap sizes de-
pending on the observing wavelengths (e.g. Garufi et al.
2013) amongst other structures such as strong azimuthal
brightness asymmetries (e.g. van der Marel et al. 2013;
Pe´rez et al. 2014) and spiral structures (e.g. Boccaletti
et al. 2013; Avenhaus et al. 2014a). Such phenomena
may be due to the interaction between a disk and an
orbiting planet. The dust-gas dynamics involved in the
former, i.e. that the dust is trapped at the pressure max-
imum (e.g. Zhu et al. 2012; Pinilla et al. 2012b; de Juan
Ovelar et al. 2013), also applies to our mechanism.
These examples are of disks where a planet has so
far not being detected. The LkCa15 system is the only
system (aside from the above-mentioned HD169142 and
HD100546), where a young planet candidate has directly
been detected. This object orbits at ∼11 au within the
gap of the transition disk surrounding the star (Kraus
and Ireland 2012) and the gap has been resolved in scat-
tered light and at sub-mm wavelength (Thalmann et al.
2014; Andrews et al. 2011). The current data do not have
sufficient spatial resolution to reveal significantly differ-
ent cavity sizes or the potential for ring-like structures.
4.2.3. Long-lasting nature of dust rings
Since our results suggest that dust rings should be
longer-lasting than gas rings, unless some mechanism
acts to remove or re-distribute these particles, they may
remain at least until the phase when the disk transitions
from the gas-rich protoplanetary stage to the gas-poor
debris disk stage. Future observations of gas and dust
in the millimeter in young debris disks, or equivalently
older protoplanetary disks, may determine whether rings
are commonly present in such disks that are in transition.
Furthermore, to provide a statistical view on how com-
mon and long-lasting ring structures are, many sources
would need to be observed at high resolution. Combined
with any potential planet detections in such disks, this
may provide clues on the long-lasting nature of dust rings
formed due to planet-disk interactions.
The recent image of the rings in the young HL Tau
disk (. 106 years) also hints at the long-lasting nature
of dust rings, albeit from the young disk perspective. If
such ring structures are due to planet-disk interactions,
this must take place at a young stage when the planets
may still be forming, and requires a mechanism that can
concentrate the dust into rings rapidly. Depending on the
exact location of the rings and using an upper age of 106
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years and a mass of 0.5M for HL Tau, the rings would
need to form within a timescale of O(102)−O(104) orbits
at radii between 10-200 au. If the disk age is an order
of magnitude smaller, these timescales would reduce by
a factor of 10. Our results suggest that ring formation
within this time is certainly feasible if planets are present
in the disk.
5. CONCLUSIONS
We perform 2D hydrodynamical simulations and com-
bine this with analytics to investigate the gas and dust
ring structures in a gas-rich protoplanetary disk when
a single or two planets are present. In the multiplanet
case the planets are placed sufficiently far apart such that
the gaps (partial or deep) do not overlap. Through the
hydrodynamical simulations we find that a ring of gas
exists in between the two planets with a higher surface
density than either side of the ring. This leads to a pres-
sure maximum whose prominence increases with planet
mass. In addition, pressure maxima form at the outer-
most gap edge in both the single and multiplanet simu-
lations. These pressure maxima are where dust grains,
especially those that are most subject to radial drift, are
likely to collect and become trapped in the ring struc-
ture(s). Over time the gas density decreases while still
maintaining the pressure maxima. Therefore the larger
particles are expected to start decoupling from the gas.
Consequently, as the gas ring disappears over time, the
dust would be less affected and may remain in the ring
structure(s). The gas density decrease appears to be
more prominent in the region in between two planets,
so this trapping and decoupling process may be more
important in the multiplanet case. We therefore propose
that dust rings structures should last longer than gas
ring structures. Furthermore, the ring features seen in
recently observed gas-rich disks (HD100546, HD169142
and HL Tau) may well be signposts of multiple planet-
disk interactions.
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